protein synthesis induces a high steady-state level of RAD2 expression (47) but has no effect on MA4G or RNR2 expression. The RAD2 and RNR2 promoters have been analyzed in detail (13, 23, 46, 47) . The RAD2 promoter contains two upstream activating sequence (UAS) elements, damageresponsive element 1 (DRE1) and DRE2 (46, 47) . DRE1 is required for both constitutive and DNA damage-induced expression, whereas DRE2 is required only for induction (46, 47) . The RNR2 promoter contains three UAS elements, one of which binds the repressor activator protein (RAP1) and one upstream repressing sequence (URS) element (13, 23) .
DNA-damaging agents induce the expression of a number of mammalian genes, including c-jun (16) , c-fos, and the collagenase and metallothionein genes (49) . A study of 49 UV-induced transcripts divided them into those that respond to UV alone and those that also respond to MMS (16) . In addition, the mammalian 06MeG DNA repair methyltransferase (MGMT) can be induced by both alkylating agents and X rays (4, 19) . Exposure of rats to alkylating agents increases MGMT levels and increases the capacity of rat liver to repair 06MeG (34) . Irradiated female rats exhibit 10-to 20-fold induction of MGMT protein (4) and mRNA (5) in their livers. In addition, MGMT mRNA levels increase severalfold in cultured rat hepatoma cells treated with both N-methyl-N-nitro-N-nitrosoguanidine (MNNG) and X rays (5) . The mechanisms by which mammalian genes are induced in response to DNA-damaging agents are not yet understood.
We have explored the induction mechanism of a eukaryotic DNA alkylation repair gene, namely, the S. cerevisiae MA4G 3MeA DNA glycosylase gene. We describe here the identification of one UAS and one URS in the MAG promoter (plus evidence for a possible second URS). The AMAG URS element contains a 10-bp sequence with homology to the consensus sequence proposed by Sebastian et al. (43) ; a similar sequence is also present in the MGT1 promoter (54) and in the promoters of at least 10 other S. cerevisiae genes involved in DNA repair and metabolism. We demonstrate activity was expressed as Miller units (21) . Since all transformants used in this study contained multiple plasmid copies, we took precautions to avoid problems that might result in varying copy number. These included (i) cell cultures of similar density were used for the enzyme assay, (ii) different transformants were assayed in the same experiment, and (iii) experiments were repeated at least three times (the average values are presented).
Preparation of yeast crude cell extracts. Yeast cultures were grown to mid-log phase in YPD and were harvested by centrifugation at 4°C. All of the following steps were carried out at 4°C or on ice. Cells were washed once with buffer A (25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.5], 5 mM MgCl2, 0.1 mM dithiothreitol, 10% glycerol, 50 ,ug of bovine serum albumin (BSA), 2 to 5 ng of probe, and various amounts of cell extract with or without competitors. After incubation at room temperature for 10 min, the reaction mixture was separated by electrophoresis in a 6% polyacrylamide gel containing 2.5% glycerol. The gel was dried and exposed to X-ray film.
Southwestern (DNA-protein) hybridization. Yeast cell extract proteins (up to 100 jig) were separated by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis and transferred to nitrocellulose by using a Bio-Rad semidry blotter. The filter was treated with a blockingrenaturation solution (50 mM Tris-HCl [pH 8.0], 50 mM NaCl, 2 mM EDTA, 2 mM P-mercaptoethanol, 0.1% Nonidet P-40, 5% nonfat dry milk) for 1 h at room temperature with gentle shaking and then incubated at room temperature with the binding solution used for the gel shift assay {con-taining nonspecific competitor DNA [poly(dI-dC) poly(dIdC) (50 ,ug/ml) and 0.01% BSA]} for 20 min. The radioactive DNA probe (2 Rg) was added at about 106 cpm/ml of buffer A, and incubation continued for 1 h. The filter was washed three times with buffer A for 20 min and exposed to X-ray film.
RESULTS
The AMG promoter sequence. The S. cerevisiae AMG gene was initially cloned in plasmid YEp13A by the functional complementation of a bacterial 3MeA DNA glycosylasedeficient mutant (6) . We determined that there are 608 nucleotides upstream of the MAG translation start codon in YEp13A (Fig. 1A) . Two features were immediately noteworthy: (i) two 8-bp tandem repeats (5'-GGTGGCGA-3') at -173 and -149 and (ii) a putative RAP1 binding site at position -356 (5'-AAAGCCATATCTT-3') with homology (10 of 13 bp; in boldface) to the RAP1 consensus binding site (27) . However, a DNA probe containing the putative AMG RAP1 binding site did not bind to RAP1, suggesting that the repressoractivating protein RAP1 is not involved in A4G gene regulation (48) . MA4G-lacZ fusion. To study the regulation of AMG expression and to define the cis-acting elements, we made a MAG-lacZ gene fusion encoding a protein containing the first 209 MAG amino acids fused to the N terminus of 3-galactosidase. The resulting plasmid, YEpMAG-lacZ, expressed P-galactosidase in S. cerevisiae.
The time course of P-galactosidase induction (in cells containing YEpMAG-lacZ) by 0.05% MMS was similar to AMG mRNA induction (in cells without plasmid) (Fig. 1B) .
The lag in 0-galactosidase induction may reflect the time required for protein synthesis and/or the titration of tran-VOL. 13, 1993 AL4G-lacZ upstream deletion analysis. 5' deletions were introduced into plasmid YEpMAG-lacZ such that all constructs had the same sequence 5' to the AL4G upstream region. 13-Galactosidase levels were determined for each subclone with or without MMS (0.05%, 4 h) to identify regions that control basal and inducible expression (Fig. 2) . (27) . However, a DNA probe spanning this sequence in the MAG promoter did not bind the RAP1 protein (data not shown). Indeed, this probe formed no DNA-protein complexes, indicating that the functional UAS lies elsewhere in the 46-bp region between -330 and -376.
The basal-level 13-galactosidase activity (i.e., in the absence of MMS) increased dramatically when the sequence between -221 and -190 was deleted, indicating the presence of a URS in this 31-bp region. The basal-level activities of deletions -215 and -214 were similar to that of the MMS-induced full-length MAG-lacZ fusion (-608). When the deletion reached -190, the basal-level 3-galactosidase activity increased about 30-fold compared with the level of the full-length MAG-lacZ fusion (-608). This result suggests that the region from -215 to -190 contains an element which acts as a URS in the AMG promoter.
P-Galactosidase basal levels increased even further with deletions up to position -171 which disrupted the 8-bp tandem repeat (Fig. 1A and 2A) ; at -171, basal-level 3-galactosidase activity was about 56-fold higher than that of the full-length MAG-lacZ fusion. We infer that the 8-bp tandem repeat may also function as a URS. However, removing the entire tandem repeat (-159) reduced the basal ,B-galactosidase levels. The -159 and -133 deletions showed basallevel expression 14-to 16-fold higher than that of the full-length promoter but substantially lower than that seen at -171. The reason for this sudden drop is unclear but might be due to interference with protein binding at the TATA box whose location is not yet established. These results are summarized in Fig. 2B and C.
The putative MA4G URS represses expression from a heterologous promoter. We used a CYCl-lacZ-containing vector (pNG22) described by Kovari et al. (26) to assay MAG URS function. A 36-bp oligonucleotide containing 32 bp of the putative AMG URS (Table 1 and Fig. 3 ) was cloned 3' of the CYC1 UAS into the Sal site of the polylinker. Transformants containing the pNG22 vector expressed about 37 U of ,3-galactosidase with and without exposure to MMS (Fig. 3) . However, the presence of the putative AL4G URS produced about a sevenfold decrease in CYCI UAS function which was unaffected by MMS treatment. The identical length had no effect on CYC1 UAS function (Fig.  3) . These results support the conclusion that the AMG URS elements are expected to bind one or more proteins. We therefore tested for proteins bound to a double-stranded 36-bp oligonucleotide containing the sequence from -227 to -196 of the AMG promoter (MAG-PR1). Gel mobility shift assays using this probe and crude yeast cell extract revealed two major retarded bands (Fig. 4) . It is important to note that cell extracts from yeast cells with and without MMS treatment gave the same mobility shift patterns (data not shown). Proteinase K treatment abolished complex formation, indicating that both bands contained protein-DNA complexes. The DNA binding was sequence specific because each reaction contained a 2,000:1 ratio of nonspecific DNA to probe DNA. Further, a 100-fold excess of the cold AL4G URS probe (MAG-PR1) inhibited labeled complex formation, whereas a 1,000-fold excess of a similar-size oligonucleotide of unrelated sequence and 1,000-fold excess of pUC19 DNA had no such effect ( Fig. 4B and SC) . In addition, two fragments of the AL4G promoter, namely, MAG-PR2, which contains the URS sequence, and MAG-PR3, which does not have the URS sequence (Fig. 4A) , showed different competition effects ( Fig. 4A and B) . A 100-fold excess of MAG-PR2 inhibited the formation of both complex I and complex II, but a 100-fold excess of MAG-PR3 inhibited only the formation of complex I, having no effect on complex II. We infer that a DNA-binding protein in complex II may also bind to another region upstream of the URS in the AL4G promoter, i.e., in the region represented by MAG-PR3.
Proteins bind to DNA containing the MGTI URS sequence.
We recently reported the isolation and characterization of the yeast MGTJ DNA repair methyltransferase gene, which protects cells from alkylation-induced mutation and killing (53) . The MGTJ promoter also contains a URS (54), and this region matches the decamer consensus sequence noted by Sebastian et al. (43) and shown above to lie in the AMG URS. Gel mobility shift assays using a 23-bp sequence encompassing the MGTJ URS region (-215 to -193) and crude yeast cell extract revealed at least three major retarded bands (Fig. 5B) . The effects on complex formation of proteinase K, the MGT1-PR1 oligonucleotide, a similar-size nonspecific oligonucleotide, and pUC19 DNA indicate that all three bands contain DNA-protein complexes specific for the MGT1-PR1 sequence ( Fig. SB and C) . While complex III is unique to MGTI binding, complexes I and II are comparable in size with those formed with the MAG URS probe (Fig. 4 and 5 ). Competition assays indicated that the MAG URS was a competitor for protein binding to the MGT1 URS sequence and vice versa (Fig. 5C) VOL. 13, 1993 on (Table 1) 01 fig), and pUC19 (0.3 ,ug) . (C) Cross-competition between MAG URS and MGTI URS. Fold excess of competitor DNA is indicated at the top. The MAG URS probe was assayed in competition with cold MGTJ URS and vice versa. FP, free probe; I, II, and III, protein-DNA complexes. The MAG probe was assayed in competition with a 1,000-fold excess of annealed similar-size nonspecific primers SSN-8 and SSN-9. The MGT1 probe was assayed in competition with a 1,000-fold excess of annealed primers SSN-10 and SSN-11 (see Table 1 ).
MA4G URS and the MGTJ URS (Fig. 4 and 5) . We further investigated the identity of the bound proteins by Southwestern analysis. Both the AMG URS (MAG-PR1) and MGTI URS (MGT-PR1) probes bound to two proteins of 39 and 26 kDa (Fig. 6) , and the MGTJ probe also bound to a 16- Deletion and heterologous promoter analysis indicates that a URS lies in the MAG promoter between -221 and -190. The 10-bp sequence 5'-TTCGACCTAC-3' (at -215 to -205) conforms to a decamer consensus sequence previously noted to exist in the promoter of five DNA repair and metabolism genes (43) . This decamer appears to be the best candidate for the functional URS element for several reasons: (i) deletion of a similar sequence from the MGT1 promoter increased the MGT1 basal-level expression by more than 20-fold (54); (ii) oligonucleotide probes spanning the AMG URS and the MGTI URS (with only the 10-bp consensus sequence in common) produced similar band shift patterns, and both bound to 39-and 26-kDa proteins; (iii) we now note that similar sequences appear in the promoters of a total of 12 DNA repair and metabolism genes ( Table 2) ; (iv) the decamer consensus sequence in the promoter of the RAD5J gene, whose product is involved in DNA doublestrand break repair and general recombination (2, 36, 50) , has also been shown to function as a URS (3). In addition, regions of the RNR2 and PHRI promoters that have been shown to be involved in repression contain this consensus sequence (13, 23, 43, 44) , but whether the decamer sequences per se act as URSs was not definitively shown.
The 26-and 39-kDa proteins which bind the AMG and MGT1 URS elements are present in extracts from MMStreated and untreated cells. Derepression is therefore not 
Consensus sequences achieved by simply switching off expression of these putative repressors or by modifying them so they can no longer bind the URS in vitro, and we do not yet know whether they can bind in vivo. Moreover, the fact that MMS did not cause derepression when the URS was situated next to the CYC1 UAS suggests that some other AMG promoter element (presumably the UAS) is required to achieve derepression. An element in the RAD2 promoter, designated DRE1 (46, 47) , was shown to be required for both the constitutive and DNA damage-induced expression of RAD2. DRE1 (5'-CGTGGAGGCA-3', at -169) displays a perfect match with the decamer consensus sequence (47) . Interestingly, deletion of the DRE1 element results in constitutively decreased, noninducible RAD2 expression, thus defining it as a UAS rather than a URS. These observations raise the possibility that the decamer consensus sequence can effect activation as well as repression of gene expression, depending on the promoter context. That trans-acting factors can function as both repressors and activators is not unprecedented in S. cerevisiae; for example, the context of RAP1 binding in a particular promoter determines whether it will repress or activate gene expression (32) . Band shift analysis showed that the RAD2 DRE1 element specifically binds proteins (46) , but in the absence of Southwestern analysis, we cannot say whether these were similar to the 26-and 39-kDa proteins bound by the MAG and MGTI URS elements.
The AL4G promoter contains two 8-bp tandem repeats (5'-GGTGGCGA-3') at -173 and -149, and disruption of the first repeat increases MAG basal expression, suggesting that at least one of the repeats acts as a URS. (Removal of the second repeat as well did not further increase ALAG expression, and the effect of removing only the second repeat is unknown.) It has been demonstrated that the RNR2 promoter region between -387 and -359 plays a role in repressing basal RNR2 expression (13, 23) . This region has two notable features: (i) it contains the 10-bp decamer consensus sequence beginning at -374 (Table 2) ; (ii) one study (12) assigned URS function to a region adjacent to the decamer consensus sequence in the -386 to -377 region (5'-TCGCCATGGC-3'), and this region contains 6 bp (on the complementary strand; in boldface) that match 6 of the 8 bp present in the AM4G promoter tandem repeats (compare -381 to -386 of RNR2 with -171 to -166 of AMG). These elements are separated by only 7 bp in the RNR2 promoter and by 34 bp in the AMG promoter. It is not clear whether both of these elements act to repress RNR2 expression, but our findings indicate that they both contribute to the repression of AMG gene expression.
The identification of the decamer consensus sequence in the promoters of AMG, MGTI, and several other DNA repair and metabolism genes suggests that these genes might be regulated, at least in part, by a common mechanism. Studies are under way to ascertain the role of this conserved sequence in the regulation of gene expression in response to DNA damage.
